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Structure and properties of ZrN coatings deposited by High Power Impulse Magnetron Sputtering (HIPIMS) technology
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Introduction:
Zirconium nitride PVD coatings have found numerous applications in the field of wear and corrosion resistant coatings and also in applications where aesthetic appeal is of equal importance. The performance of a ZrN coating in harsh environments will be largely influenced by factors such as its adhesion to the substrates, extent of growth defects, microstructure, and most importantly coating density. The coating density and some growth defects in turn can be controlled by energising the deposition flux; which can be achieved either by: a) increasing the ionisation of the depositing flux b) application of suitable substrate bias voltages to achieve bombardment of the depositing species with the incoming ionised flux. ZrN, like most transition nitrides has been successfully deposited by sputtering and arc evaporation techniques [1] [2] . It is well known that sputtering suffers from insufficient ionisation of the deposition species [3] .
Plasmas by arc evaporation techniques can have a high ionised flux with multiple charge state ions [4] ; however suffer from macroparticle droplet defects which compromise the quality of the coating to a large extent [5] .
High Power Impulse Magnetron Sputtering (HIPIMS) provides an intermediate solution to the above problems. HIPIMS plasma is free of macroparticle generation and has a high degree of ionisation of the depositing species itself thus eliminating a need of any external ionisation device [6] [7] .
The current work focuses on the deposition of ZrN with the novel HIPIMS technology.
The effect of ion bombardment on the microstructure and texture of the coating and in turn on the properties has been studied by varying the substrate bias voltages (U BIAS ) whereas other deposition parameters were maintained constant. The results have been supported with cross-sectional transmission electron microscopy (TEM) and Atomic Force Microscopy (AFM).
Experiments:
Coating deposition:
In the current work test coupons of High Speed Steel (HSS), 304L Stainless steel (SS) and Si (001) wafers have been coated. The substrates were cleaned in an automated industrial cleaning line consisting of series of alkali solutions and de-ionised water tanks followed by vacuum drying. Following cleaning, the substrates were coated in an industrial sized machine HTC 1000-4, 4 target system (Hauzer Techno Coatings, Europe B.V., Venlo, The Netherlands). This machine is equipped with two HIPIMS power supplies (Hüttinger Electronic Sp. z o.o., Warsaw, Poland) which enable it to operate in either HIPIMS or Unbalanced Magnetron Sputtering (UBM) mode. For the current set of studies, coatings were deposited using two magnetrons running exclusively in HIPIMS mode. Figure 1 shows the schematic of the machine and the arrangements inside the chamber. Substrates were placed on a centrally located substrate table in one fold rotation so that they face a pair of operating magnetrons (in this case targets 1 and 3) facing each other and placed perpendicular to the other nonoperating pair. -75 V and -65 V keeping all the other deposition parameters same.
Coating characterisation:
The coating was extensively characterised by various analytical techniques:
1. The preferred orientation of the texture and residual stress in the coatings were determined by the glancing angle technique with the Bragg-Brentano (2θ, 20-130°) geometry in a PHILIPS XPERT XRD machine. 
Results and discussions:
3.1: Characterisation results:
Prior to coating deposition the substrates were pretreated with HIPIMS plasma sustained on a Zr target in Ar atmosphere to clean the substrates on an atomic scale. The coating deposition time was programmed constant for all the three processes in order to limit the thickness in the range of 2 µm; however slight variation in thickness were measured. The substrate bias of -65 V resulted in the thickest coating i.e. in the range of 2.13 µm, whereas -75 V and -95 V resulted in the range of 1.96 µm and 1.84 µm respectively. This thickness decrease can be attributed to the strong ionbombardment resulting in re-sputtering of the deposited coating. Table 1 
3.2: Microstructure analysis:
The effect of ion energy on the microstructure of the coatings was studied by X-TEM Figure 4 shows the bright field (BF) TEM images of the coating. Figure 4(a) shows the top of the coating and figure 4(b) shows the whole coating cross-section deposited at U BIAS = -95 V. These images indicate extremely dense microstructure of the coating.
The column top (figure 4a) appears extremely flat and smooth. Figure 4b shows the full thickness cross-section. The coating appears to be densely packed with several grains oriented in the same direction or with a slight misorientation but difficult to resolve grain boundaries leading to the effect of a single column with large width; measuring in the range of 500 -700 nm. This is consistent with the strong texture of these coatings observed by x-ray diffraction studies presented in figure 3 . This dense structure is in contrast to that often observed for processes such as magnetron sputtering or involving low ion bombardment; consisting of dome shaped column tops and easily resolved columnar grain boundaries (sometimes with voids) of the competitively grown columnar grains [14] [15] [16] [17] . The large width of the columns can be attributed to the high ad-atom mobility caused by low energy ion bombardment achieved with HIPIMS. The effect of ion bombardment is notable provided only 2 magnetrons were being operated during deposition in a considerably large deposition chamber (volume of 1m 3 ) and with the target to substrate distance of 150 mm. Thus utilisation of HIPIMS results in extremely dense coating structures with smooth morphology. The smooth and macroparticle (arc droplets) and growth defects free (intercolumnar voids and under dense structures) morphology can be attributed to the increased ad-atom mobility and or re-sputtering effect due to the applied bias voltage to the substrates. These dense structures resemble the transition zone structures in the famous Structure Zone Diagrams (SZD) reported by Thornton for PVD coatings [18] .
Dense coating microstructure with HIPIMS, however without substrate biasing (floating potentials), has also been reported in the literature [19] . deposited at U BIAS = -65 V. 
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